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ABSTRACT: A modeling framework is presented to determine fundamental
parameters and controlling mechanisms of colloid (microbes, clays, and
nanoparticles) retention and release on surfaces of porous media that exhibit
wide distributions of nanoscale chemical heterogeneity, nano- to microscale
roughness, and pore water velocity. Primary and/or secondary minimum
interactions in the zone of electrostatic influence were determined over the
heterogeneous solid surface. The Maxwellian kinetic energy model was
subsequently employed to determine the probability of immobilization and
diffusive release of colloids from each of these minima. In addition, a balance of
applied hydrodynamic and resisting adhesive torques was conducted to
determine locations of immobilization and hydrodynamic release in the
presence of spatially variable water flow and microscopic roughness. Locations
for retention had to satisfy both energy and torque balance conditions for
immobilization, whereas release could occur either due to diffusion or
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hydrodynamics. Summation of energy and torque balance results over the elementary surface area of the porous medium
provided estimates for colloid retention and release parameters that are critical to predicting environmental fate, including the
sticking and release efficiencies and the maximum concentration of retained colloids on the solid phase. Nanoscale roughness and
chemical heterogeneity produced localized primary minimum interactions that controlled long-term retention, even when mean
chemical conditions were unfavorable. Microscopic roughness played a dominant role in colloid retention under low ionic

strength and high hydrodynamic conditions, especially for larger colloids.

B INTRODUCTION

An understanding of and ability to predict colloid (microbes,
clays, and engineered nanoparticles) retention and release in
natural porous media are needed for many industry and
environmental applications. Numerous studies from a diversity
of disciplines have been conducted on this topic.'~° It is now
well-understood that colloid retention and release are depend-
ent on a myriad of incompletely characterized interactions with
diverse solid surfaces that are coupled with a multitude of
physical, chemical, and microbiological factors.”™'° This
complexity has led to many conflicting opinions on
mechanisms and factors controlling colloid retention and
release under unfavorable conditions. As a result, there is still
no consensus in the literature on the proper conceptual and/or
mathematical framework to describe colloid transport in porous
media.” " In this work, we present an approach to determine
fundamental parameters and mechanisms required to describe
colloid retention and release processes at the representative
elementary volume (REV) scale.

Heterogeneous flow and transport properties that occur at
the pore-scale are averaged over a REV to obtain effective
lumped parameters for continuum scale models. Colloid
transport in porous media has commonly been described at
the REV scale using the advective-dispersion equation (ADE)
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with a first-order kinetic retention term."”'"'* Colloid filtration

theory (CFT) considers the retention rate coefficient to be the
product of the colloid mass transfer rate from the bulk aqueous
phase to the solid—water interface (SWI) and the colloid
sticking efficiency (a)."”'* This theory assumes a constant rate
of retention over time, implying an infinite retention capacity."
However, numerous studies have shown that natural porous
media always have a finite retention capacity that depends on
the physicochemical conditions."®™"* The maximum solid
phase colloid concentration (S,,.) can be calculated, either
experimentally or theoretically, to determine the fraction of the
SWI that contributes to colloid retention (Sp).'” The value of S;
has been found to be small, even under chemical conditions
that are predicted to be favorable for retention. Therefore, the
retention rate coefficient is expected to decrease with time as
available retention sites are filled."*>°

CFT also assumes irreversible colloid retention and
negligible colloid release." However, persistent low levels of
colloid release are commonly observed under steady-state
physicochemical conditions." These observations imply that the
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CFT assumption of irreversible colloid retention may be
violated, and the strict interpretation of @ as an irreversible
sticking efficiency may be flawed. Indeed, the conceptual model
of colloid transport, retention, and release can have a strong
influence on the physical interpretation of a. For example, if the
ADE includes first-order retention and release terms, then the
value of @ reflects the probability of reversible and irreversible
colloid immobilization. This interpretation of @ is employed in
this work. However, it should be mentioned that the value of a
may take on other meanings when considering two-site and
two-region models for colloid retention and release."

Values of @ and S; are mainly determined in column-scale
studies by inverse optimization to experimental breakthrough
curves and/or retention profiles."” However, these parameters
are known to be extremely sensitive to site-specific
physicochemical and flow conditions."®™"**° Consequently,
predicting colloid retention and release parameters in natural
porous media remains a critical challenge. Only a few
approaches have been developed to estimate a, and little
research attention has been given to the determination of S
Several researchers have developed empirical correlations
between experimental values of @ and physicochemical
conditions.”' ~** Others have attempted to theoretically
estimate values of a, and in some cases S; by considerin:
fundamental forces and/or torques that act on colloids.”*™>
However, these correlations and theoretical predictions have
not considered the full range of conditions that influence
colloid retention and release by neglecting one or more of the
following critical factors: nanoscale chemical heterogeneity,”"**
nanoscale roughness,‘“_36 microscopic roughness and/or
grain—grain contacts,””’ spatial variability in water velocity
due to pore space geometry and grain size distribution,”” finite
primary and secondary minimum interactions,””*’ and/or the
ability of colloids to diffuse into or out of minima in the
interaction energy profile.*** Consequently, the above models
have had only limited success, and they do not allow for
systematic investigation of the full range of retention and
release mechanisms.

The objective of this research is to provide a modeling
framework to predict values of & and S in a porous medium for
various physicochemical conditions. The combined effects of
nanoscale roughness and chemical heterogeneity, microscopic
roughness, solution ionic strength (IS), pore water velocity, and
colloid radius on colloid retention and release were
subsequently investigated. Results provide valuable insight on
controlling mechanisms for retention and release.

B COLLOID RETENTION AND RELEASE IN THE ZONE
OF INFLUENCE

We assume that the colloid of interest has a given size and charge, is
spherical in shape, neutrally buoyant, and physically and chemically
homogeneous. Furthermore, we assume that the colloid is suspended
in a monovalent electrolyte solution with a given IS. In contrast to the
colloid, we assume that the surface of the porous medium exhibits
wide distributions of nanoscale roughness and chemical heterogeneity
as well as microscopic roughness. Hence, conditions for colloid
retention and release vary spatially over the SWI. The electrostatic
zone of influence (A,, L* where L denotes units of length) refers to the
projected area of the colloid on the SWI that effectively contributes to
the colloid—SWI interaction energy. Note that A, is proportional to
the colloid radius and the Debye length.*’ Below, we discuss the
determination of the interaction energy, the energy balance, the torque
balance, and values of @ and S; for each individual A, on the SWIL In

the next section, we discuss the determination of upscale values of o
and S over the heterogeneous surface of the porous medium.

Interaction Energies. Colloids in an electrolyte solution
experience attractive or repulsive interactions energies as they
approach the SWI. Theory developed by Derjaguin—Landau—
Verwey—Overbeek (DLVO) considers this energy to arise from the
superposition of electrostatic and van der Waals interactions.****
Other non-DLVO interactions may occur due to Born repulsion,
hydration and hydrophobic forces, and steric interactions.*®*’
Nanoscale physical and/or chemical heterogeneity can also have a
pronounced influence on colloid interaction energies.>'~

Each A, on the SWI was assumed to contain a nanoscale roughness
fraction (f,) with a height equal to 4! and a positive zeta potential
fraction (f,) that is equal to {,. The complementary fractions (1 — f,)
and (1 — f,) correspond to a smooth surface and a negative zeta
potential {_, respectively. Mean values of the dimensionless interaction
energy (@) within A, were subsequently quantified using a linear
combination of interaction energies associated with the nanoscale
roughness and chemical heterogeneity fractions as®®

O(h) = (1 = )R + k) + £ D(h) (1)

where h [L] is the separation distance from the center of A, at a height
ht to the leading face of the colloid center. The dimensionless
interaction energy associated with a smooth, nanoscale chemically
heterogeneous surface (®,) is given as®

O(h) = (1 = £,)0_(h) + £, ®,.(h) 2)

Values of {_ and {, were used to determine the corresponding
dimensionless interaction energies for negative (®_) and positive
(®,) fractions, respectively. Equations 1 and 2 assume that nanoscale
roughness and chemical heterogeneity, respectively, occur directly
below the colloid within A,. All of the above interaction energies
considered electrostatics,*® retarded London—van der Waals attrac-
tion,” and Born repulsion®® and assumed a sphere-plate geometry.
Equations for these interactions are given in the Supporting
Information, Section S1. Figure S1 provides a schematic illustrating
the influence of nanoscale roughness and chemical heterogeneity on
interaction energies within A,.

The secondary minimum (®,,;,), the energy barrier (®,,,), and
the primary minimum (®,,;,) were subsequently determined for each
A, under a given chemical condition using Boolean logic statements in
conjunction with minimum and/or maximum functions over specified
intervals in h. As expected, a wide range of interactions is possible for
colloids interacting with a heterogeneous surface depending on the
nanoscale heterogeneity type, size, and amount.”**>*” Note that the
depth of the primary minima is finite when Born repulsion and
nanoscale roughness are considered in these calculations.>”*’
Consequently, five distinct classes of interaction energy profiles were
identified that encompass all possible values of @, and @ ... Figure
S2 present examples of interaction energy profiles that are
representative of these five classes. The classes ranged from favorable
to unfavorable for interaction in a primary minimum and were
determined based on values of @, ;. and ®_ . In particular, class 1
has values of @,,,;, < 0 and @, = NA; class 2 has values of @, ;. <0
and @, < 0; class 3 has values of @,,;, < 0 and D, > 0; class 4 has
values of @, > 0 and @, > 0; and class 5 has values of @, = NA
and @, > 0. Here, NA denotes not applicable.

Energy Balance. In the absence of water flow, the retention (i.e.,
immobilization or attachment) and release (i.e, detachment) of
colloids interacting with the SWI was assumed to depend only on the
energy balance arising from minima in the interaction energy profile
and Brownian diffusion.*"** The distribution of kinetic energies of
diffusing colloids was described by the Maxwellian probability density
function. In this case, the Maxwellian cumulative density function was
evaluated over specific ranges in the interaction energy profile to
determine the probability of colloid interaction (¢) with the primary
and secondary minima at a particular A,*"*
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Table 1. Lower (A) and Upper (B) Integration Limits on Equation 3 To Determine €, €,, £;,, and €, for the Five Different

Interaction Energy Profile Classes”

class & £ & & g €t En Epn
no. A B A B A B A B
1 0 1D, NA NA 1D, o NA NA
2 1Dy in — Proad 1D in — Prned 0 1Dy in — Proad 1D in — Proad o0 1D, il o
3 1Dy il + Proax 1D inl + Prax 0 1D in 1D inl + Py S 1D o
4 1D inl + Py D — Pioin 0 1D il D — Pioin S 1D, il 0
s NA NA 0 Dy NA NA 1D, 00

“Note that £, and ¢, equal zero if B < A.

[P
e]-—_/A = xp(—®) d®
- (erfwﬁ -2 exp(—m)
- (erf(ﬂ -2 exp(—A>) o

where A is the lower integration limit, B is the upper integration limit,
and the subscript j on & indicates whether the interaction was
associated with the primary or secondary minimum (j = 1 or 2). Note
that eq 3 has been previously employed to estimate &, and &, on
chemically homogeneous*"** and heterogeneous™ surfaces that were
assumed to be smooth and had an infinite depth of primary minimum.
In contrast, Born repulsion and nanoscale roughness produce a finite
depth of primary minimum that allow colloids to sometimes escape
the minimum. This was accounted for in eq 3 by selecting values of A
and B based on the interaction energy to enter and escape from the
minimum, respectively, for the five profile classes. This information is
summarized in Table 1.

Colloids interacting with a primary or secondary minimum continue
to experience random fluctuations in kinetic energy because of
diffusion. Eventually, the colloids will experience the full range of
possible kinetic energies; therefore, the probability of detachment from
primary (g,;) and secondary (g;) minima can also be determined
using eq 3. Table 1 provides values of &; and ¢, for the five
interaction energy profile classes shown in Figure S2. In this case, A
reflects the interaction energy to escape the minimum, whereas B is
the maximum possible energy. Figure S3 presents a plot of &4 as a
function of A. It is evident that the probability of diffusive release
rapidly decreases with increasing A and approaches zero when A >
8k Ty; where kg and Ty are the Boltzmann constant and the absolute
temperature, respectively.

Long-term immobilization at a particular A, under steady-state
conditions of flow and solution chemistry depends on values of €}, €,,
€41, and £4. If €; and ¢, are above or below some critical threshold
(e.), respectively, then long-term immobilization is possible. These
criteria are expressed mathematically using f; terms that are given
below

determine the influence of adhesive and hydrodynamic conditions on
colloid immobilization. Section S2 in the Supporting Information
provides full details about the parameter values used in the torque
balance calculations. A brief description follows below.

Primary and secondary minima in the interaction energy induce an
adhesive force and a resisting adhesive torque that act in the direction
opposite to the water flow.”***> The resisting adhesive torque (T},
ML2T2) was determined as®’

Ty = LiypFap + lypFar & 1 Do +1 Ay
A — AP ATLAT ~ PAP hmin AT dz (6)

where Fyp [MLT 2] is the perpendicular component of the adhesive
force, Fyr [MLT 2] is the tangential component of the adhesive force,
I,p [L] is the lever arm associated with Fup, Iy [L] is the lever arm
associated with Fur, @, is the interaction energy associated with the
minima (@, or @y.i), b [L] is the separation distance for this
minimum, and d, [L] is the diameter of the zone of electrostatic
influence.

Water flow produces a drag force and an applied hydrodynamic
torque that act on colloids adjacent to a porous medium surface.””** It
also induces a lift force that acts on colloids perpendicular to the solid
surface, but this is negligible under laminar flow conditions. The value
of the applied hydrodynamic torque (Ty, ML?*T™?) at h,, is
determined as*’

Ty = IyFp + Mg = ly6mp 7,7.(r. + hyi)Cpy + 4 7,1.°Cyp

min
(7)
where 7,, [T~'] is the hydrodynamic shear, u,, [ML™'T'] is the water
viscosity, F, [MLT 2] is the fluid drag force, Iy [L] is the lever arm
associated with F,, My [ML*T %] is the moment of external stress, r,
[L] is the colloid radius, and C, [—] and C,, [—] are dimensionless
functions that account for the influence of the SWI. Note that l;p, I,
and Iy depend on the colloid radius and deformation and the
difference in the microscopic roughness height between adjacent zones
of influence (AH!").>7*7* Figure S4 provides a schematic of the
influence of microscopic roughness and nanoscale heterogeneity on
the lever arms that are used for the torque balance calculations.
Positive values of T, act in the opposite direction as Ty to
decelerate and/or to immobilize colloids (T} < T,), whereas rolling

B, = Hye, — e)H,(e. — &) * occurs when Ty is greater than T). A parameter y was defined for each
A, to be 1 when Ty < T, and 0 when Ty > T,. Previous literature has
B, = He, — e)H,(& — &) (s) focused on the det;e{gination of y for colloids interacting in a

where H, is a Heaviside function. The value of H, = 1 when the
quantity in parentheses is greater than or equal to 0, and H, = 0 when
this quantity is less than 0. In this work, we assume a conservative
estimate of €. = 0.001 that allows for diffusive release when the
magnitude of the energy barrier to escape the minimum was less than
8k Ty (cf. Figure S3).

Torque Balance. In the presence of water flow, the balance of
applied hydrodynamic and resisting adhesive torques also determines
conditions for colloid retention and release at a particular A,.>"*> The
hydrodynamic and adhesive torques vary spatially in a porous medium
because of the pore-space geometry and grain size distribution,
roughness (micro- and nanoscale), and chemical heterogeneity.”">> A
torque balance was conducted for each A, location on the SWI to

secondary minimum. In this work, we determine values of y, and
7, to identify locations where colloid immobilization in primary and
secondary minima was possible, respectively. Values of y, for a finite
depth of a primary minimum provide critical information on the
reversibility of interactions on heterogeneous surfaces in the presence
of water flow.

Determination of @ and S; within A,. The above information
indicates that values of & €4 /J’l-, and ¥; account for the influence of
adhesion, diffusion, and hydrodynamics on colloid retention and
release for each A, on the SWI The probability for colloid
immobilization in primary and secondary minima was determined as
a, = £y, and a, = &,y,, respectively.””** To account for the influence
of these same factors on colloid release, values of a; = ¢, if ;= 1 and
ayg = 1if y; = 0 were used. The long-term colloid immobilization in
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primary and secondary minima was determined as S¢ = 7, and S;, =
Paya respectively. If the values of Sy and S, are both equal to 1 for a
particular A, then Sy = 0 if €,<é&,; otherwise, Sp = 0.

Upscaled Parameters. The above information indicates that
knowledge of the distributions of 4y, f,, {,, f,, h" and the pore-scale
water velocity on the SWI is needed to determine colloid retention
and release at the REV scale. Accurate determination of these
parameter distributions is difficult, if not impossible, for natural
systems. Below, we discuss simplified representations of these
distributions that can be used to investigate the relative importance
of specific factors on colloid retention and release and to show
expected trends in parameters with various physicochemical
conditions.

The pore-scale water velocity that acts on a colloid adjacent to the
SWI (v) varies spatially in a porous medium due to differences in the
pore-space geometry.”® Bradford et al>® conducted pore-scale water
flow simulations in idealized sphere packs (colloid transport was not
simulated). These authors developed scaling procedures to predict the
mean value of the log-normal-distributed v that acts on a given sized
colloid adjacent to the solid surface from the average pore water
velocity and the median grain size. The probability density function
(PDF) for the log-normal distribution is given as>

1 (In(v) - ﬂln(v))z
expl — 2
In(v) oy, 27w 201,) (8)

PDF(v) =

where 6i,(,) and iy, are the standard deviation and the mean value of
the log-normal probability density function, respectively. The value of
Hiayy = In((v)) — 0.563,(,)>, where (v) is the ensemble average v. The
inverse PDF for v was repeatedly sampled in a random manner to
encompass the expected range in v over the REV. Figure SSa presents
an example distribution of v as a function of number of A, locations
when the colloid size (d.) = 1000 nm, the median grain size of the
porous medium =360 ym, and the Darcy velocity (g,,) = 0.1 cm min™".

The lever arms associated with applied hydrodynamic and resisting
adhesive torques depend on the value of h" at adjacent A, locations
(Figure S4). A single value of h]' was associated with each A, by
randomly sampling a uniform distribution ranging between 0 and 5000
nm. Figure SSb presents an example distribution of " as a function of
number of A, locations. Grain—grain contacts influence the lever arms
for applied and resistin7g torques in a similar manner as that of
microscopic roughness.”” The influence of grain—grain contacts was,
therefore, considered to be lumped within this 4" distribution.

The simplest form of nanoscale heterogeneity considers binary
roughness (0 and h}') and chemical heterogeneity ({_ and {,) within
each A, on the SWI. In this case, A, was divided into a number of
equally sized cells with a cross-sectional area of A, [L?]. The total
number of cells (N,) within A, is equal to the rounded value of A,/A;
therefore, f, = N; /N, and f, = N,/N,, where N, and N, are the number
of cells within A, with height 4 and zeta potential {,, respectively. We
assumed that nanoscale roughness and chemical heterogeneity are
randomly and independently distributed on the SWI. The binomial
PDFs for N, and N, are, therefore, described as®

!

PDE(N) = ——t—(B)(1 - R)%

NN, - N)! 9)

N!
. (P+)N+(1 - P+)M_Mr
NN, - N)! (10)

where P, and P, are the total fraction of cells at the REV scale that are
occupied by h} and {,, respectively. The inverse PDFs for N, and N,
were repeatedly sampled in a random manner to encompass the
expected range in f, and f, on the SWI at the REV scale. It should be
mentioned that a number of other PDFs (normal, log-normal,
bimodal, etc.) could have been used to describe f, and f,. However, the
statistical properties of PDFs change with the size of A, In
geostatistics, a similar problem occurs with the change in support
scale.”® An important advantage of the binomial PDF (eqs 9 and 10) is
that the statistical properties change in a deterministic way with N, =

PDE(N,) =

A_/A;, so the issue of change in support is automatically addressed. For
example, the mean and variance of eq 9 are given as N,P, and N,P,(1 —
P,), respectively.

Natural porous media are expected to exhibit much more complex
distributions of nanoscale roughness and chemical heterogeneity than
binary heterogeneity. Additional assumptions have to be invoked to
achieve greater, more realistic, amounts of nanoscale heterogeneity on
the SWI. Consistent with eqs 1 and 2, we continue to assume binary
nanoscale heterogeneity within each A, by using constant values of hy,
£, and A, at a given location. However, values of these parameters
were now allowed to randomly vary from one A, to another across the
SWIL Values of h, {,, and/or A, for a particular A, were determined by
randomly sampling uniform distributions over a selected range. The
mean and variance of the binomial PDFs for N, and N, were
unaffected by changes in k7 and {, across the SWL In contrast, when
A, fluctuated across the SWI, the value of N, = A,/A; in eqs 9 and 10
also changed with each A, location. This implies that the PDF at the
REV scale is the superposition of a number (determined by the range
in A,) of binomial PDFs with different values of N, and the same value
of P. or P,. Figure S5c,d presents example distributions of input
parameters of f, and f,, respectively, as a function of number of A,
locations when the solution IS = 10 mM NaCl, d. = 1000 nm, P, =
0.05, P, = 0.1, A, = 100—1000 nm? for nanoscale chemical
heterogeneity, and A; = 100 nm* to A, for nanoscale roughness.

Values of a, @y, @41, @p, Sii, and S, were calculated for each A, on
the SWI using the approach outlined in the previous section. On the
basis of results of a sensitivity analysis shown in Figure S6, upscaled
values of ay, @), @y, Ay, S, and Sy, were determined as the average
value of greater than 999 A, realizations (described above). The
variance in these same parameters was also calculated. For example,
the variance of a, is given as (@,>) — (a,)? and the associated standard
deviation is equal to the square root of the variance. The total values of
a=o + a, and § = Sy + Sp. The above calculations were
implemented into Microsoft Excel using Visual Basics for Applications
programming language.

B RESULTS AND DISCUSSION

Simulations discussed below considered extended DLVO
interactions, energy balance, and torque balance calculations
for a homogeneous colloid interacting with a heterogeneous
porous medium surface at more than 999 locations. Values of
water velocity in the vicinity of the solid surface were spatially
distributed to be consistent with a porous medium having a
median grain size of 360 ym and a selected q,. A constant IS
was considered for each simulation. Separate regression
equations were used to predict the zeta potentials for the
homogeneous colloid and the negative portion of solid surface
as a function of IS. These equations were derived from
experimental zeta potential measurements presented by
Treumann et al.”’ for carboxyl-modified latex microspheres
and ultrapure quartz sand. Other extended-DLVO and torque
balance parameters were taken to be consistent with latex
microspheres, including the Hamaker constant = 4.04 X 107" J,
collision diameter = 0.25 nm, characteristic wavelength = 100
nm, and the composite Young’s modulus = 4.01 X 10° N m™>.

The outlined modeling approach has the ability to examine
the influence of specific factors, individually or in combination,
on colloid retention and release. Specific simulations were
conducted to investigate the influence of the following factors
on upscaled colloid retention parameters: (i) nanoscale
chemically heterogeneity (denoted CH) on a smooth SWI,
(i) nanoscale roughness (denoted NR) on a chemically
homogeneous SWI, (iii) the combination of NR + CH on
the SWI, and (iv) the combination of microscopic roughness
(MR), NR, and CH (denoted MR + NR + CH) on the SWIL.
When CH was considered, a constant value of P, was selected,
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A, = 100—1000 nm? and ¢, = 0—30 mV. When NR was
considered, a constant value of P, was selected, A, = 100 nm?® to
A,, and h} = 0—50 nm. When MR was considered, k" = 0—5000
nm. Below, we present representative simulations to show that
our modeling approach can be utilized to obtain insight on
mechanisms for colloid retention and release under each of
these situations.

Chemical Heterogeneity. Figure 1 presents the influence
of P, (0.025, 0.05, 0.1, and 0.2) on simulated values of a = a; +

1 4

0.8 -

0.6 -
N

0.4 -

0.2 -

0 20 40 60 80 100
IS (mM)

0 20 40 60 80 100
IS (mM)

Figure 1. Mean values of @ and S; for various values of P, (0.025, 0.0S,
0.1, and 0.2) for a 1000 nm colloid as a function of IS (1-100 mM
NaCl) when g,, = 0.1 cm min™". Individual simulation results from the
CH model are indicated with a data point. The trend lines that
connect the data points are intended only to guide the eye of the
reader.

a, (Figure 1a) and S; = S + Sp (Figure 1b) for a 1000 nm
colloid as a function of IS (1—100 mM NaCl) when gq,, = 0.1
cm min~". It is interesting to note that a negligible fraction of
the solid surface was available for retention (i.e., very low a and
S¢ values) when the IS < 20 mM, even when the value of P, was
0.2 (i.e., the overall probability of nanoscale positive charges on
the SWI was 20%). Further increase in the IS produced an
increase in a and S, indicating that more localized sites became
available for colloid retention, especially for increasing P,. This
result is consistent with published literature reporting that «
and S; increased with P,, A, and (,”*°° Note that wide
distributions of A, and {, were considered in the simulations
shown in Figure 1. The values of @ and S; were relatively similar
at any given IS and P, because colloids interacted with deep
primary minima on the smooth SWL** This result is consistent
with the assumption of filtration theory that colloid retention
on the SWT is largely irreversible. As expected, the entire solid
surface contributed to colloid retention (i.e., S; = 1) when the
energy barrier was eliminated as the IS approached 100 mM.
Figure 2 presents the influence of g, (0.001, 0.01, 0.1, 1, and
10 cm min~") on values of @ = a; + a, (Figure 2a) and S; = Sy
+ Sg, (Figure 2b) for a 1000 nm colloid as a function of IS (1—
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Figure 2. Mean values of a and S for a 1000 nm colloid for various q,,
(0.001, 0.01, 0.1, 1, and 10 cm min™") and IS (1-100 mM NaCl)
when P, = 0.05. Individual simulation results from the CH model are
indicated with a data point. The trend lines that connect the data
points are intended only to guide the eye of the reader.

100 mM NaCl) when P, = 0.05. Figure 2b shows that the value
of S¢ was largely independent of g,, because long-term colloid
retention occurred in deep primary energy minima. Indeed,
values of S; and a; were nearly identical (data not shown), and
a; would, therefore, provide an estimate for the irreversible
colloid sticking efficiency. In contrast to Sy the total value of &
(ay + a,) was strongly dependent on g, suggesting that a large
fraction of colloids interacted in secondary energy minima. In
particular, the value of & tended to become much larger than §;
as q,, decreased because the torque balance was satisfied at low
flow velocities, but Brownian forces prevented long-time
retention in most secondary minima.

Nanoscale Roughness. Figure 3 presents the influence of
g, (0.001, 0.01, 0.1, 1, and 10 cm min~') on values of @,
(Figure 3a), a, (Figure 3b), and S; (Figure 3c) for a 1000 nm
colloid as a function of IS (1—100 mM NaCl) when P, = 0.1. In
contrast to the chemical heterogeneity simulations, values of a;
and a, both decreased with increasing g, in the presence of
nanoscale roughness. This implies that both secondary and
primary minimum interactions were subject to hydrodynamic
release. Conversely, the value of S; was largely independent of
q.» and this indicates that only deep energy minima contributed
to long-term colloid retention.

Figure 4 presents the influence of P, (0.025, 0.05, 0.1, 0.2,
and 0.4) on values of a, (Figure 4a), a, (Figure 4b), and S;
(Figure 4c) for a 1000 nm colloid as a function of IS (1—100
mM NaCl) when g,, = 0.1 cm min~". A decrease in P, produced
an increase in @, (Figure 4a) and a decrease in a, (Figure 4b).
Similarly, the literature has reported that decreasing P, results in
a reduction of the energy barrier, more primary minimum
interactions, and a weaker secondary minimum.”*~*****" The
total value of @ = a; + a, (cf. Figure 4a,b) increased with IS, but
it was relatively insensitive to P, The dependence of S; on
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Figure 3. Mean values of a, @, and S; for a 1000 nm colloid for
various g,, (0.001, 0.01, 0.1, 1, and 10 cm min™") and IS (1—100 mM
NaCl) when P, = 0.1. Individual simulation results from the NR model
are indicated with a data point. The trend lines that connect the data
points are intended only to guide the eye of the reader.

nanoscale roughness was complex due to differences in the
functionality of van der Waals and electrostatic interactions
with separation distance. The value of S; was practically zero
when the IS was less than or equal to 20 mM, even though
shallow primary minimum interactions occurred under these
conditions (Figure 4a). Primary minimum interactions were
stronger and more frequent when the IS ranged from around
20 to SO mM (Figure 4a), especially when P, was 0.025 and
0.0S, and this produced low values of S¢. The value of S; tended
to increase with IS and P, when the IS ranged from 50 to 100
mM because both primary and secondary minima became
deeper. However, values of @ and S; were still much less than 1
even when the IS was as high as 100 mM. Indeed, experimental
values of S¢ have also been re;)orted to be very small, even when
the IS > 100 mM."*7*%°"*® These findings support the
importance of nanoscale roughness in producing weak primary
minimum interactions that limit colloid retention and promote
release under high IS conditions.

Similar to the chemical heterogeneity simulations, the value
of S¢ in Figures 3¢ and 4c was mainly controlled by primary
minimum interactions, and the secondary minimum did not
contribute to long-term retention until the IS was greater than
80 mM. In contrast, the value of S¢ was considerably lower than
a at a given IS. Similarly, experimental values of S; have
sometimes been observed to be much lower than a.*”** This
result implies that both primary and secondary minima
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Figure 4. Mean values of a;, a,, and S for a 1000 nm colloid for
various P, (0.025, 0.0S, 0.1, 0.2, and 0.4) and IS (1—100 mM NaCl)
when g,, = 0.1 cm min~". Individual simulation results from the NR
model are indicated with a data point. The trend lines that connect the
data points are intended only to guide the eye of the reader.

interactions were relatively weak on a surface containing
nanoscale roughness and that most retained colloids were
subject to diffusive release. This occurs because nanoscale
roughness substantially reduces the depth of the primary
minimum compared to that of smooth surfaces.””*’ Mean-field
DLVO calculations and the CFT assumption of irreversible
colloid retention are, therefore, unlikely to be valid on natural
surfaces that always exhibit nanoscale roughness. An estimate
for irreversible values of @, and @, for each A, location could
have been obtained as &,y,H (¢, — &) and &,7,Ho(e. — €4),
respectively. This alternative approach would have allowed only
locations with minima deeper than 8k;Ty (e. = 0.001) to
contribute to both @ and S;, but it would not have revealed the
significant influence of reversible retention processes on a.
Calculated values a; and oy, are expected to be of critical
importance in determining kinetic rates of colloid release, but
they were not the focus of this study.

Nanoscale Roughness and Chemical Heterogeneity.
Figure S compares simulated values of a (Figure Sa) and S
(Figure Sb) among the CH, NR, and NR + CH models when
P.=0.1, P, = 0.05, the IS ranged from 1 to 100 mM NaCl, and
gy = 0.1 cm min~". Values of S; in Figure Sb are plotted on a
log-scale. Figure 5 clearly reveals the relative importance of
nanoscale chemical heterogeneity and nanoscale roughness on
colloid retention. Results were quite similar between the NR
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Figure 5. Mean values of & and S; for a 1000 nm colloid for various IS
(1-100 mM NaCl), q,, = 0.1 cm min~', when using the CH (P, =
0.05), NR (P, = 0.1), and NR + CH (P, = 0.05 and P, = 0.1) models.
Values of S;in (b) are plotted on a log-scale so that differences in the
simulation results are more apparent. Individual simulation results are
indicated with a data point. The trend lines that connect the data
points are intended only to guide the eye of the reader.
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Figure 6. Plots of the fraction of & that is contributed by MR (fyg) as
a function of IS (1—100 mM). (a) Values of fyy for various g,, when
the d. = 1000 nm, P, = 0.1, and P, = 0.0S. (b) Values of f for various
d. when g, = 0.1 cm min™), P, = 0.1, and P, = 0.05. Individual
simulation results are indicated with a data point. The trend lines that
connect the data points are intended only to guide the eye of the
reader.

and NR + CH models. This finding indicates that NR mainly
control the colloid interaction energies on natural surfaces, even
in the presence of a significant fraction of CH. When IS < 80
mM, the combined NR + CH simulation provided higher
values of S; than the NR model and especially the CH model
because CH and NR lowered the energy barrier to a greater
extent and produced more primary minimum interactions.**>”
Conversely, when IS > 80 mM, the values of @ and S; for the
NR + CH model were dramatically reduced relative to those for
the CH model because NR reduced the energy to escape from
the primary minimum.””*’ This allowed for more colloid to be
released by hydrodynamic and diffusive forces.” A similar
dependence of  on q,, was, therefore, observed for the surfaces
containing NR + CH and NR (see Figure 3a,b for the NR
model).

Microscopic Roughness. Simulations shown in Figures
1-5 accounted only for the influence of CH and/or NR on
colloid attachment. Surface straining processes also contribute
to colloid retention at MR locations. In particular, MR
facilitates colloid retention by lowing the lever arm for the
applied hydrodynamic torque and increasing the lever arm for
the resisting adhesive torque.”””” The fraction that MR
contributes to @ (fygr) can be calculated as fyz = (a(MR +
NR + CH) — a(NR + CH))/a(MR + NR + CH)), where
a(MR + NR + CH) and a(NR + CH) are simulated values of
when MR + NR + CH and NR + CH were considered on the
SWI, respectively. Figure 6a presents values of fy for various
g, when the IS ranged from 1 to 100 mM NaCl, d. = 1000 nm,
P. = 0.1, and P, = 0.05. Figure 6b presents values of fyy for
various d. when the IS ranged from 1 to 100 mM NaCl, q,, =
0.1 cm min~!, P, = 0.1, and P, = 0.0S. Note that MR plays a

dominant role in « for higher g,, and d_ (higher hydrodynamic
forces) and lower IS (lower adhesive forces). Under these
conditions, the torque balance may not be satisfied on a
microscopically smooth surface, but it can be at MR locations
because of altered lever arms. Experimental observations have
demonstrated enhanced colloid retention at MR locations
under low IS conditions and for larger colloid sizes.””

Figure 6 also indicates that the fy; decreases with lower ¢,
and d, (lower hydrodynamic forces) and higher IS (higher
adhesive forces). Under these cases, the torque balance may be
satisfied on a microscopically smooth surface, and the relative
importance of MR on @, therefore, decreases. This implies that
the contribution of NR and CH to colloid retention increases
with lower q,, and d. and higher IS. Indeed, colloid retention
has been previously reported to be more sensitive to CH and
NR for smaller values of d. and higher 18.>>*

Figures 1—6 and associated discussion can be used to help
interpret values of @ and S; for various IS, g,,, and d. conditions.
For example, Figure 7 presents values of « from the MR + NR
+ CH model as a function of IS (1—100 mM) when P, = 0.1, P,
= 0.0S, g,, ranges from 0.001 to 10 cm min~!, and d, equals
1000 nm (Figure 7a) and 5000 nm (Figure 7b). Corresponding
values of S; for these same conditions are given in Figure 8.
Note that o and S; values at a given IS and g,, were higher for
larger colloids. Furthermore, & and S¢ as a function of IS did not
vary much with g,, when d. = 1000 nm (Figures 7a and 8a),
whereas both decreased with increasing g,, when d. = 5000 nm
(Figures 7b and 8b). These differences reflect the influence of
colloid size on the retention process on a physically and
chemically heterogeneous surface. As mentioned in discussion
associated with Figure 6, the relative importance of MR, NR,
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Figure 7. Mean values of « for the MR + NR + CH model (P, = 0.1
and P, = 0.05) with the indicated values of g,, and IS when d. = 1000
nm (a) and 5000 nm (b). Individual simulation results are indicated
with a data point. The trend lines that connect the data points are
intended only to guide the eye of the reader.
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Figure 8. Mean values of S; for the MR + NR + CH model (P, = 0.1
and P, = 0.05) with the indicated values of g,, and IS when d. = 1000
nm (a) and 5000 nm (b). Individual simulation results are indicated
with a data point. The trend lines that connect the data points are
intended only to guide the eye of the reader.

and CH on a changes with the IS, q,, and d, conditions. MR
controls values of a at lower IS, higher q,, and higher d.. In

12103

contrast, NR and CH determine values of « at higher IS, lower
qw and lower d..

In addition, NR and CH always play a critical role in
determining the value of S; because of their strong influence on
the depth of the primary and secondary minima, even when
MR controls the value of a. Figure 5b indicated that the value
of S¢ will be mainly controlled by NR parameters, especially at
higher IS. However, it is possible that the relative important of
NR and CH on the determination of S; may change with
selected nanoscale roughness (A, h;, and P,), chemical
heterogeneity (A, {,, and P,), and interaction energy
(Hamaker constant, zeta potentials) parameters. Furthermore,
the influence of MR on S is likely to be underestimated in these
calculations because they always allow for diffusive release of
colloids when minima were less than 8k;Ty (¢, = 0.001). In
reality, diffusive release of colloids at MR locations and grain—
grain contacts may be less likely than that on a microscogically
smooth surface because of the presence of eddy zones.”” This
effect could be potentially included in S; calculations by making
€. a higher value at MR locations. Figure S7 demonstrates the
influence of ¢, on predicted values of S for the MR + NR + CH
model as a function of IS when P, = 0.1, P, = 0.05, g, = 0.1 cm
min~', and d. = 1000 nm (Figure S7a) and 5000 nm (Figure
S7b). Note that values of S; increase with increasing &,
approaching the value of a (cf. Figure 7). Consequently, the
influence of MR on S; will also increase with .

B CONCLUSIONS

Extended DLVO, energy balance, and torque balance
calculations for a homogeneous colloid over a heterogeneous
porous medium surface provided predictions for upscaled
values of retention and release parameters (a, o, @y, Ay, S,
and Sp) and insight into mechanisms controlling colloid
retention. In particular, values of & and S; were observed to be
frequently controlled by primary minimum interactions even
under so-called “unfavorable” conditions because of the
influence of nanoscale roughness and/or chemical hetero-
geneity. However, the value of the primary minimum was
shallow on a nanoscale rough surface, and some locations were
subject to diffusive and hydrodynamic removal depending on
the roughness parameters. The role of the secondary minimum
was diminished on the heterogeneous surface because of
nanoscale roughness. Microscopic roughness was demonstrated
to play a dominant role in colloid retention under low IS
conditions and for increased hydrodynamic forces (e.g., higher
velocities and larger colloid sizes). However, these effects also
depended on the nanoscale roughness parameters at higher IS.
The role of chemical heterogeneity was enhanced for larger
amounts of chemical heterogeneity and for larger values of A,/
A, (e.g,, small d, and higher IS). Section S3 in the Supporting
Information contains some discussion about future plans to
expand and to experimentally validate our modeling framework.
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illustrating the influence of nanoscale roughness and
chemical heterogeneity on interaction energies within A,
(Figure S1); example interaction energy profiles that are
representative of five classes found on a heterogeneous
SWI (Figure S2); plot of €;; as a function of A (Figure
S3); schematic illustrating the influence of microscopic
roughness and nanoscale heterogeneity on the lever arms
that are used for the torque balance calculations (Figure
S$4); example plots of input parameters (v, h!", f,, and f,)
for simulations (Figure SS); results from a sensitivity
analysis for various number of A, realizations (Figure
S6); influence of €, on predicted values of S; for the MR
+ NR + CH model (Figure S7) (PDF)
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